Functional dyspepsia (FD) is a complex, heterogeneous, biopsychosocial functional gastrointestinal 51 disorder that is comprised of a cluster of symptoms, including postprandial epigastric pain/discomfort, 52 impaired gastric emptying and early satiety in the absence of any apparent structural, biochemical or 53 organic abnormality (14, 45, 49) . Experimental clinical studies found that gastric sensitivity to 54 distention is increased in a subset of FD patients (3, 9, 11, 12, 25, 34, 39, 44) and it contributes to the 55 sensory symptoms, such as postprandial pain/discomfort, fullness and early satiety. The cellular 56 mechanisms of gastric hypersensitivity (GHS) in FD patients remain incompletely understood, 57 primarily because of lack of availability of live visceral tissues from human subjects. In addition, 58 ethical and safety considerations preclude the use of interventional experiments, such as induction of 59 inflammation and severe chronic stress, in human subjects. However, epidemiological studies found 60 that adverse early-life experiences (AELE), including gastrointestinal infections, abuse and 61 psychological stress, are risk factors for the development of FD (2, 16, 24, 33, 41, 42) . BDNF and GHS (50) . There is evidence for increased sympathetic activity at baseline 74 and in response to stress or a meal in FD patients (10). However, the source of increase in 75 sympathetic activity in FD patients remains unknown.
77
Several, but not all, epidemiological studies found a greater prevalence of anxiety in a subset of FD 78 patients than in healthy controls (48). However, the correlation between anxiety and the symptoms of 79 FD has remained contentious. We tested the hypothesis that neonatal programming triggered by 
METHODS

104
Animals: Litters consisting of 10 five days old male Sprague Dawley pups with a nurturing, 105 primiparous mother were delivered from Harlan, Houston, TX. The litters were a combination of the 106 mother's own pups and fostered pups. The pups were weaned at 22 days of age and were housed 3-107 4 per cage until they weighed 250 gm each at which time they were housed 2 per cage. The IACUC
108
at UTMB approved all procedures performed on these animals. control pups received saline only in a similar manner. Six-to-eight weeks later, when these rats were 115 adults, they were evaluated for gastric hypersensitivity and anxiety-like behavior and tissues were 116 collected for molecular experiments. Previous publications show that there is no residual colon or 117 gastric inflammation six to eight weeks after the induction of neonatal colon inflammation (7, 50). We 118 validated previously that the delayed gastric hypersensitivity in adult rats results when they were 119 exposed to colon inflammation for the first time as neonates, but not when they were exposed to first 120 time colon inflammation as adults (50). One group of pups was treated daily with 16 ug/kg s.c. GR 121 antagonist RU486 from PND 9 to 17 or vehicle. The following procedures were performed under isoflurane anesthesia. Gastric balloon implantation:
126
A two cm long balloon was prepared from a condom and attached to PE240 tubing. A 2 cm incision 127 was made below the chest cavity to the right of the abdominal midline. The stomach was exteriorized 128 and wrapped in gauze wetted with saline. The balloon was inserted through a small incision at the tip 129 of the fundus; it was secured to the fundus wall with suture; the opening was closed. This placement 130 left the lower esophageal sphincter and pylorus unobstructed. The stomach was returned to the 131 abdominal cavity and the muscle wall was closed with suture. The tubing tethering the balloon was 132 pushed under the skin and externalized at the nape of the neck. The skin was closed. Electrodes 133 implantation to record electromyographic (EMG) activity: A small incision was made at the nape of the 134 neck to expose the acromeotrapezious muscle. Bipolar electrodes were sutured to the 135 acromeotrapezious muscle and the skin closed.
137
The rats were allowed to recover in their home cage. Each rat received twice daily s.c. injection of 138 buprenorphine (0.03mg/kg) for up to three or four days. Health was monitored by ensuring that the 139 rats were maintaining or gaining weight and absence of lack of activity, such as lethargy and Adrenalectomy and 6-hydroxy dopamine (6-OHDA) treatment: Gastric sensitivity was measured 157 in 24 GHS-rats, which were then randomly assigned to one of three experimental groups (n=8 each): Ctr.+stress, GHS and GHS+stress) were tested. The rats were stressed by the application of a 181 heterotypic intermittent chronic stress (HeICS) protocol that consisted of a random sequence of three 182 types of stressors, one hour water avoidance stress (WAS), 45 min cold restraint stress (CRS) or 20 183 min forced swim stress (FSS) for nine days (8, 51). One stressor was applied in the morning (9-11 184 AM) and the other in the afternoon (3-5 PM) in a random oder, as described previously (51). The 185 EPM tests were performed 1 day after the last stressor. Anxiety-like behavior was assessed on an Cold stress-induced defecation and social interaction: 12 Ctr. and 12 GHS rats were tested. In 195 cold stress defecation, the rats were placed in individual novel polycarbonate cages on ice, and the 196 numbers of fecal pellets counted over a 20 min period (19). For the social interaction test (13, 19), 197 the test rat's behavior in its home cage with a novel rat of similar size was recorded for 10 minutes.
198
The total time spent in active interaction, defined as sniffing, close following, and allo-grooming was 199 recorded. The observer was blinded to treatment when monitoring behaviors. Norepinephrine release: Freshly dissected fundus muscularis externa tissue strips were incubated 209 in oxygenated Krebs, (in mmol/l) 126 NaCl, 5 KCl, 2.5 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, 11 glucose, 
RESULTS
235
The source of NE to upregulate gastric fundus NGF and its correlation with VHS 236 We reported previously that the basal plasma level of NE is significantly elevated in GHS-rats and it 237 underlies the upregulation of NGF in the fundus muscularis externa tissue, which contributes to the 238 enhancement of sensitivity to gastric fundus distention (50). Here, we investigated the predominant 239 source of norepinephrine to upregulate NGF and hence gastric hypersensitivity, i.e. sympathetic 240 neuronal overflow or adrenal gland. We performed chemical sympathectomy with 6-OH-dopamine or 241 bilateral adrenalectomy in separate groups of GHS-rats (Fig. 1) . 6-OH-dopamine treatment 242 significantly suppressed the gastric sensitivity to fundus distention in GHS-rats ( Fig. 2A, p<0 .05, n=6).
243
By contrast, adrenalectomy or sham surgery had no significant effect on the sensitivity to fundus 244 distention ( Fig. 2B and C, p>0.05, n=6 each). 6-hydroxy-dopamine treatment also suppressed NGF 245 expression in the fundus muscularis externa tissue vs. the baseline values in GHS-rats, but 246 adrenalectomy had no significant effect (Fig. 2D) . To evaluate the effects of 6-OHDA treatment on 247 fundus sympathetic innervation, we measured TH expression by western blot. 6-hydroxy-dopamine 248 treatment nearly ablated tyrosine hydroxylase (TH) expression in the gastric fundus, but 249 adrenalectomy had no significant effect (Fig. 2E) . We found greater than 90% decrease in TH 250 expression in all 6-OHDA treated rats.
252
The measurement of heart rate variability is often used as a non-invasive test to evaluate the balance 253 between the sympathetic and vagal tones. We investigated whether the increase of sympathetic tone 254 in GHS-rats reflects changes in heart rate variability. The measurement of heart rate variability 255 showed a significant increase in the LF/HF ratio in GHS vs. the control rats (Fig. 2F ). This increase Ctr.) and a decrease in the high-frequency component (HF) (0.43±0.03 vs 0.64±0.05, GHS vs. Ctr.).
258
These data were consistent with increased sympathetic tone and a decrease in vagal tone.
259
Functional dyspepsia is a heterogeneous disorder where the intensity of symptoms varies among 260 patients. We investigated whether biological variables, such as plasma NE and NGF expression in 261 the gastric fundus, may relate to the intensity of gastric sensitivity and therefore with the symptoms 262 related to it, such as epigastric pain and discomfort. We reported previously that even though all 263 neonate rats were subjected to the same TNBS inflammatory insult, only about half of them 264 developed gastric hypersensitivity (50). Here, we investigated whether the level of NGF expression in 265 the fundus correlates with the intensity of gastric hypersensitivity. We found that the intensity of significantly greater in GHS than in vehicle treated control rats (Fig. 3B, p<0 .05, rank sum test).
276
Alterations in the release and uptake of NE from the fundus muscularis externa sympathetic 277 nerve endings in GHS-rats 278 We found a significantly greater basal and KCl-evoked release of NE from the fundus muscularis 279 externa strips of GHS-rats than those from the control rats (Fig. 4A) . By contrast, the uptake of NE 280 from the fundus strips of the GHS and control rats did not differ (Fig. 4B) . To investigate the 281 molecular mechanisms of increase of fundus NE release in GHS-rats, we measured tyrosine 282 hydroxylase (TH), the rate-limiting enzyme for the synthesis of NE, expression levels in the celiac 283 ganglia, which supplies sympathetic innervation to the stomach. The TH mRNA in the celiac ganglia 284 was significantly greater (2.5-fold; p<0.05) in GHS than in control rats (Fig. 4C) .
285
Neonatal colon inflammation upregulates Th gene transcription 287 We reported previously that colon inflammation on PND 10 prematurely upregulates the plasma 288 corticosterone by PND 15, which triggers neonatal programming to induce GHS in adult-life (50). In 289 control rats, the increase in plasma corticosterone occurs by PND 17 (50). We found that the significantly reduced the upregulation of Th mRNA in the GHS-rats; it had no effect in vehicle-treated 294 control rats (Fig. 4C ). Tyrosine hydroxylase protein was significantly increased 1.3 fold (p<0.05) in the 295 celiac ganglia of GHS vs. control rats; this increase was significantly reduced in rats treated with RU-296 486 as neonates (Fig. 4D) .
298
Increase in trait but not stress-induced anxiety-like behavior in GHS-rats
299
Since anxiety is often a co-morbid condition in FD patients, we used elevated plus maze, cold stress-300 induced defecation and social interaction tests to investigate whether GHS-rats displayed anxiety-like 301 behavior. In the elevated plus maze test, we subjected the GHS and control rats to sham stress or a 302 nine-day heterotypic chronic stress (HeICS) protocol (51) (Fig. 1C) . Sham-stressed GHS-rats spent 303 significantly less time in the open arm of the elevated plus maze compared to that by the control rats 304 (p<0.05) (Fig. 5A) . HeICS significantly reduced the time spent in the open arm by the control rats, but 305 it was without additional significant effect on the time spent in the closed arm by the GHS-rats.
306
Ctr.+HeICS rats, GHS-rats, and GHS+HeICS rats made significantly fewer open arm entries 307 compared to the control rats (Fig. 5B) . HeICS significantly reduced the number of closed arm entries 308 by GHS rats (Fig. 5B) , indicating an increased unwillingness to cross the open center space in the 309 maze. There were no significant differences in the total distance traveled in the open and closed arms 310 (Fig. 5C ), suggesting that neonatal inflammatory insult did not alter locomotor activity in GHS-rats.
311
Cold stress significantly increased the number of fecal pellets in GHS than in control rats (Fig 5D) .
312
Social interaction between GHS rats was significantly lower than that between control rats (Fig. 5E) . and gastric hypersensitivity in GHS-rats.
362
In vitro experiments showed that the increased release of NE in the gastric fundus of the GHS-rats 363 was due to its greater release from the nerve endings, rather than due to impaired uptake. The We found that even though the plasma NE increased on the average by about 30% in the entire 372 group of GHS-rats, each one of which was subjected previously to the same neonatal inflammatory 373 insults, there was a wide variation in the plasma NE concentration among the individual rats in the 374 group. Our findings also show that the expression of NGF in the gastric fundus muscularis externa in 375 the GHS-rats correlates with the VMR to gastric distention, We reported previously that NE 376 concentration-dependently upregulates the expression of NGF in the fundus muscularis externa (50). was significantly elevated in rats with GHS suggest that above normal plasma NE levels may 387 contributor to FD sensation related symptoms. However, the relationships between plasma NE levels 388 and gastric sensitivity and severity of FD symptoms in patients remain to be investigated. Of course in 389 patients, the psychosocial factors may further modify the intensity of symptoms. Experiments were performed six to eight weeks later. (C) Adult GHS rats subjected previously to 448 TNBS neonatal colon inflammation on PND 10 and age-matched controls (Ctr., n=6, GHS, n=9 and 449 GHS+RU486, n=10) were subjected to 9-day heterotypic intermittent chronic stress protocol; 450 experiments were performed 24-hours after the end of the stress protocol. the entire group of GHS and control rats (p<0.05, rank sum test, Ctr., n=25, GHS, n=26). However, 471 the plasma levels of NE showed a wide variation in GHS rats. In 14 out of 26 GHS rats (shown by 472 dark diamonds), each individual plasma level of NE was more than two standard deviations greater 473 than the mean in control rats --responder rats. The mean value of plasma NE in non-responder rats
474
(shown by lightly shaded diamonds) was not different from that in control rats (n=25). 
